Purpose Inhibition of the mammalian target of rapamycin (mTOR), a regulator of hypoxia inducible factor (HIF), is an established therapy for advanced renal cell cancer (RCC). Inhibition of mTOR results in compensatory AKT activation, a likely resistance mechanism. We evaluated whether addition of the Akt inhibitor perifosine to the mTOR inhibitor rapamycin would synergistically inhibit RCC. Methods Select RCC cell lines were studied [786-O, A498 (VHL mutant), CAKI-1 (VHL wild type), and 769-P (VHL methylated)] with single agent and combination therapy. Growth inhibition was assessed by MTT and cell cycling by flow cytometry. Phospho-AKT (S473) and HIF2a were assessed by Western blot. Total RNA was isolated from 786-O cells subjected to single agent and combination treatments. In these cells, genome-wide expression profiles were assessed, and real-time PCR was used to confirm a limited set of expression results. Results Three out of four cell lines (CAKI-1, 769-P, and 786-O) were sensitive to single-agent perifosine with 50% inhibitory concentrations ranging from 5 to 10 lM. Perifosine blocked phosphorylation of AKT induced by rapamycin and inhibited HIF-2a expression in 786-O and CAKI-1. Combined treatment resulted in sub-additive growth inhibition. GeneChip analysis and pathway modeling revealed inhibition of the IL-8 pathway by these agents, concomitant with up-regulation of the KLF2 gene, a known suppressor of HIF1a. Conclusions Perifosine is active in select RCC lines, abrogating the induction of AKT phosphorylation mediated by mTOR inhibition. Combined mTOR and AKT inhibition resulted in the modulation of pro-angiogenesis pathways, providing a basis for future investigations.
Introduction
The mammalian target of rapamycin (mTOR) is a serine/ threonine kinase that recognizes stress signals via the PI3K-AKT pathway and phosphorylates p70 ribosomal S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E binding protein 1 (4EP1). The mTOR pathway is a known regulator of hypoxia inducible factor (HIF), an essential driver of clear cell renal cell cancer (RCC) largely due to disruption of the von Hippel Lindau (vHL) tumor suppressor gene. Two large randomized phase III clinical trials have established the role of mTOR inhibition (with the agents temsirolimus and everolimus) as a sound therapeutic strategy in advanced RCC. In the first trial, temsirolimus was shown to significantly improve survival in a select population of RCC patients with poor-risk features [1] . Patients who received temsirolimus alone had longer survival (HR for death = 0.73; 95% CI: 0.58-0.92; P = 0.008) than patients who received IFN alone. In the second trial, everolimus was evaluated in a placebo-controlled phase III study in RCC patients who had failed prior therapy with VEGFR-TKIs [2] . In this heavily pretreated cohort, median PFS was significantly improved from 1.9 months (95% CI: 1.8-1.9) in the placebo arm to 4.0 months (95% CI: 3.7-5.5) in the everolimus arm (HR = 0.30; 95% CI: 0.22-0.40; P \ 0.0001). As a result of these randomized trials, both temsirolimus and everolimus have since been US Food and Drug Administrationapproved for advanced RCC therapy.
Although these trials have validated the activity of single-agent mTOR inhibitors in RCC, efforts to optimize their efficacy by combining them with other therapeutic agents active against RCC have thus far been unsuccessful. In part, the failure of this strategy is due to the undue haste by investigators in empirically testing combination regimens in the clinic prior to adequate preclinical testing. For example, the combination of temsirolimus with interferon proved no better than single-agent temsirolimus in the phase III setting [1] . Furthermore, the empiric combination of temsirolimus plus the angiogenesis inhibitor sunitinib has not been found to be feasible in a phase I study due to unacceptable toxicity [3] . Although a phase II trial of everolimus in combination with the anti-VEGF monoclonal antibody bevacizumab demonstrated feasibility of this approach, a subsequent randomized phase II trial (the TORAVA trial) suggested that this doublet performed no better than already approved standard therapies such as single-agent sunitinib or bevacizumab ? interferon [4, 5] .
In view of these challenges, we sought to preclinically explore ways to optimize mTOR inhibitor-based combination therapy. Specifically, we pursued a strategy in which mTOR inhibition was assessed in the context of Akt inhibitor therapy in clear cell RCC. Since it had become clear that one potential resistance mechanism to single agent mTOR inhibitor therapy was feedback activation of the Akt pathway, we hypothesized that the combination of rapamycin and perifosine, an orally bioavailable Akt inhibitor, would result in abrogation of the Akt feedback loop and thus result in synergistic activity against RCC [6] [7] [8] [9] [10] .
Methods

Cell culture and reagents
The kidney cell lines CAKI-1, 786-O, 769-P, and A498 were purchased from American Type Culture Collection (Manassas, VA). All cell lines were maintained in RPMI supplemented with 10% FBS (JR Scientific, Woodland, CA), 1X Penicillin/Streptomycin/L-Glutamine, and 1X MEM vitamin solution (Invitrogen, Carlsbad, CA). Perifosine was provided by Keryx Biopharmaceuticals (New York, NY). Stock solutions of 100 mM were made in 100% EtOH. Rapamycin was obtained from SigmaAldrich (St. Louis, MO). Stock solutions of 1 mM were made in 100% EtOH.
Proliferation assay
Cell lines were plated at 1,500-2,000 cells/well in 96-well plates or 35-mm dishes in the presence of media and were allowed to attach overnight prior to treatment. Plating density was determined through growth curves analyzing doubling time of each cell line. All experiments were repeated at least 3 times. Cells were treated with singleagent perifosine (at concentrations ranging from 0.5 to 40 lM) or rapamycin (at concentrations ranging from 0.5 to 1,000 nM) or a combination of perifosine and rapamycin (at concentrations of 1.25-20 lM or nM, respectively). MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; Thiazolyl blue) (Sigma, St. Louis, MA) assays were performed as previously described to assess growth following 3 days of treatment [11] . For longer-term proliferation assays, cells were treated for 72h with perifosine and/or rapamycin in 35-mm dishes, after which they were grown in drug-free media for an additional 5 days. Cells were fixed with glutaraldehyde (Fisher Scientific, Suwanee, GA) and stained with crystal violet (Fisher Scientific, Suwanee, GA) as described by Franken et al. or treated with MTT [12] .
Immunoblot analysis
Protein extracts were prepared from cell pellets using RIPA buffer (150 mM NaCl, 10 mM Tris-HCl, pH 8.0, 5 mM EDTA, 1% TritonX-100 (Sigma)) containing 10 mg/ml leupeptin, 0.1 M aprotinin, 0.1 M PMSF, and 0.1 M NaVO 4 (Sigma) as previously described [11] . Following extraction, protein samples were stored at -80°C prior to use. Protein concentration was determined using the BCA Protein Assay Reagent (Pierce, Rockford, IL). Proteins were separated on 12-15% SDS-PAGE mini gels and transferred to nitrocellulose membranes. Membranes were blocked using 2% Blotting Grade Blocker Non-Fat Dry Milk (Bio-Rad, Hercules, Ca) and then probed with specific antibodies including pAKT (s473), total AKT (Cell Signaling Technology), HIF2a (Novus), PARP (Santa Cruz Biotechnology), and b-actin (Sigma) according to the manufacturers specifications. After washing with TBST, membranes were incubated with a horseradish peroxidase-linked anti-mouse or anti-rabbit secondary antibody (1:5,000 dilution) (Promega, Madison, WI), washed again, and then incubated with enhanced chemiluminescence reagent (Amersham-Pharmacia, Piscataway, NJ). Labeling is detected using X-ray film (Kodak, Rochester, NY). Images were scanned using an HP ScanJet 6300C (Hewlett Packard, Houston, TX).
Flow cytometry Cells (7.5 9 10 5 cells) were seeded into 100-mm dishes and allowed to adhere overnight. Cells were then treated with Perifosine, Rapamycin, or a combination of both. At 24 and 72 h post-treatment, cells were harvested by trypsinization and prepared for cell cycle analysis as previously described [13] . Cells were re-suspended in 0.5 ml PBS (pH7.4) then fixed in a final concentration of 70% ethanol and stored at -20°C. Prior to analysis, cells were washed once with PBS (pH7.4) and re-suspended in 0.9 ml PBS (pH7.4) with 5 ll of DNase-free RNase (Fermentas, Hanover, MD) then incubated at 37°C for 30 min. Propidium iodide (Boehringer Mannheim Corp., Indianapolis, IN) was added to a final concentration of 50 lg/ml, and samples are allowed to stand at room temperature, protected from light, for 10 min. DNA content/cell number was measured by assessing propidium iodide fluorescence using a Becton-Dickinson FACScan Flow Cytometer (Beckman Coulter, Miami, FL), while data analysis was conducted using CellQuest Software. Cells (5 9 10 4 ) were analyzed per experimental group, and all experiments were repeated three times.
Microarray gene expression profiling 786-O renal carcinoma cells were treated with rapamycin or perifosine as single agent or in combination. Total RNA was extracted using the RNeasy mini kit (Qiagen, Valencia, Ca), and RNA integrity evaluated by analysis with the Agilent 2100 Bioanalyzer (Agilent Technologies). Microarray analysis was performed by the UC Davis Cancer Center Genomics and Expression Resource. Genome-wide expression profiling using Human Genome U133 Plus 2.0 GeneChip arrays (HG-U133 Plus 2.0; Affymetrix, South San Francisco, CA) was performed according to the manufacturer's protocols and as previously described [14] . Data analysis was performed with the GeneSpring GX (version 11) software suite (Agilent Technologies, Santa Clara, CA). Briefly, robust multiarray average (RMA) [15] was used for probe summarization and normalization of background-adjusted, normalized, and log-transformed perfect match (PM) probe intensity values from the Cel raw data files. Comparison analysis was then performed in order to identify genes that were differentially expressed in the different treatment groups, and unbiased hierarchical clustering performed in order to identify co-expression clusters that were distinctive for each treatment group. Criteria for the selection of genes exhibiting significant expression changes included an average fold change of C1.75 between groups and P values of B0.05. Potential functions and pathways affected by the treatments were queried by organizing the genes based upon gene ontology (GO) annotations for biological process and molecular function and by conducting Gene Set Enrichment Analysis (GSEA) using the C2-C4 collections of gene sets in the Molecular Signatures Database (MSigDB) [16] . Additional pathway analysis and network visualization of the differentially expressed genes were then performed with Ingenuity Pathway Analysis (Ingenuity Systems, Inc.).
Real-time quantitative PCR
Total RNA was extracted from cells using the RNeasy mini kit (Qiagen, Valencia, Ca) following manufacturer's instructions. cDNA was synthesized from 500 ng of total RNA using the SuperScript Ò III First-Strand Synthesis System for RT-PCR (Invitrogen). Real-time PCR was conducted using the SYBR Ò GreenER TM qPCR SuperMix (Invitrogen) and an iQ5 Real-Time PCR detection system (BioRad, Hercules, Ca) for IL-8 (Genbank accession no. NM_000584), KLF2 (Genbank accession no. NM_016 270), VEGFA (Genbank accession no. NM_001025370), and b-actin (Genbank accession no. NM_001101). Primers were as follows:
0 -GAG CGC GGC TAC AGC TT-3'; reverse, 5 0 -Reverse: TCC TTA ATG TCA CGC ACG ATT T-3 0 ). PCR conditions, including primer concentration and annealing temperature, were optimized for each amplicon. A melt curve was included following all PCR reactions to ensure minimal amount of artifact formation. A standard curve was generated for each target-specific amplicon using six 5-fold dilutions of cDNA from universal RNA (Stratagene, Cedar Creek, Tx), and the efficiency of each RT-PCR reaction was determined. b-actin was used as a reference gene for all assays. The software package Q-Gene [20, 21] was used to determine the mean normalized expression (MNE) for each gene.
ELISA
Cells were seeded at a concentration of 5,000 cells/dish into 35-mm dishes and allowed to adhere overnight. Cells were then treated with Perifosine, Rapamycin, or a combination of both. At 72 h post-treatment, the supernatant was removed, briefly centrifuged, and stored at -20°C. All treatments were repeated twice with a minimum of two replicates per trial. An ELISA was performed using the Quantikine Human VEGF kit (R&D systems, Minneapolis, MN) following manufacturer's protocol. The optical density was determined using a microplate reader set to 450 nM with a wavelength correction of 570 nM. The concentration of VEGF was determined relative to a standard curve.
Statistical analysis
For the combination studies, we calculated the expected or theoretical inhibition of combined treatment with perifosine and rapamycin using the Bliss independence model as previously described [22] . Briefly, we used the equation
where E A and E B are the fractional inhibitions of drug A (perifosine) or drug B (rapamycin) at specific concentrations to derive a theoretical value of combined inhibition if both agents acted independently of each other to inhibit growth. All plots were generated using GraphPad Prism 5 version 5.03 for Windows (GraphPad Software, San Diego California USA, www.graphpad.com).
Results
Perifosine inhibits pAKT and proliferation in RCC cell lines
Four RCC cell lines were assessed for sensitivity to perifosine: 786-O, CAKI-1, 769-P, and A498. Of these, only CAKI-1 has a functional vHL protein (see Table 1 ). All of the RCC cell lines showed a dose-dependent decrease in proliferation although the magnitude and potency of the inhibition varied. Three of the four RCC cell lines (786-O, CAKI-1, and 769-P) showed a moderate sensitivity to perifosine, with IC50s between 5-10 lM (Fig. 1) . These are within the clinically achievable peak plasma concentrations for perifosine that have been reported in patients in the range of 12-15 lM [8, 23] . A498 cells were largely insensitive, not having reached an IC50 even at high doses of perifosine (40 lM).
Following treatment with perifosine, we observed a dose-dependent inhibition of pAKT (S473) levels in 786-O (Fig. 2a) . This reduction also coincided with a partial inhibition of pMAPK (p44/42). As 5 lM perifosine was sufficient to abolish [80% of pAKT (S473) levels by 24 h, we next conducted a time-course experiment to examine the effects on pAKT (S473) over time. As shown, by 3 h of treatment, a reduction in pAKT (S473) levels was observed that was sustained through 72 h of treatment in both the 786-O (Fig. 2b) and CAKI-1 (Fig. 2c) cell lines. There were no observable changes in total AKT levels following treatment in contrast to other published reports with perifosine [24] . In both the vHL wt (CAKI-1) and vHLmutant (786-O) cell lines, an initial increase in HIF2alpha expression was observed up to 24h followed by a reduction to baseline or lower levels by 72h. We also observed increased cleavage in PARP at 24h indicating some cytotoxicity from the single-agent treatment.
Perifosine abrogates rapamycin-induced pAKT
The four RCC cell lines were also tested with the combination of perifosine and the mTOR inhibitor rapamycin. For each cell line, a plateau in growth inhibition at low (5-10 nM) doses was observed prior to or just after reaching an IC50 (data not shown). Previous reports have indicated that these concentrations are sufficient to inhibit mTOR and its downstream targets [6] . Drug combination interactions were originally designed for median-effect analysis as described by Chou and Talalay [25] . Using a constant combination ratio, the cell line panel was treated with a twofold serial dilution (4X, 2X, 1X, 0.5X, and 0.25X where X would represent an effective median dose) of each drug as a single agent or in combination for 72h after which cellular proliferation was measured by MTT ( Fig. 3a-d) . For this study, the defined median dose for perifosine was 5 lM, while 5 nM was considered the median dose for rapamycin. As combination index or isobologram analysis necessitate an established ED50 or IC50 dose that was not always observable in the single-agent dose-response curves, the Bliss independence model for additivity was used. Under this model, both perifosine and rapamycin are assumed to act in a nonexclusive or independent manner on one or more targets/pathways. To observe additivity from a combination treatment, the fractional response of both agents in combination must be equal to the sum of the two fractional responses minus their product. One of the benefits of the Bliss model is that it may evaluate changes in both potency (e.g., IC50 dose) and maximal efficacy. As shown for all cell lines, the observed inhibition in the combination was generally lower than what would be expected if each agent were acting independently (as (Fig. 3e) .
Cell cycling analysis of single agent and combination with rapamycin
To determine the cell cycle response to perifosine and rapamycin, as single agents and in combination, flow cytometric analysis of DNA content was used. The CAKI-1 and 786-O cell lines were selected for further study. Each cell line was treated with 5 lM perifosine and/or 10 nM rapamycin for 24-and 72h prior to being harvested. In both cases, the observed changes in DNA content were much broader and more prolonged in the CAKI-1 cell line compared to the 786-O (Fig. 4) . After 72h, perifosine primarily resulted in an accumulation of G2/M DNA content (an absolute increase of 8.38 and 33.12%, for 786-O and CAKI-1, respectively, compared to untreated) with a reduction in G0/G1 (-0.45 and -22.21%) and S-Phase (-7.93 and -10.89%). In contrast, single-agent rapamycin resulted in increased G0/G1 content (13.15 and 17.84%) concurrent with a decreased S-Phase (-9.10 and -12.33%) and G2/M (-3.33 and -5.50%). Combination treatment with perifosine and rapamycin produced varied results in each of the cell lines. For the 786-O cells, after 72h, the combination treatment resulted in an increase in G0G1 (9.35%) and G2/M (2.80%) content with a reduction in S-Phase (-12.14%). The CAKI-1 cells on the other hand continued to show a strong increase in G2/M (24.90%) with a reduction in G0G1 (-14.08%) and S-Phase (-10.81%). Notably, the effects observed on the cell cycle following combination treatment were not as pronounced as the changes seen following single-agent treatment. This trend was also observed in the sub-G1 content where single agent had slightly greater sub-G1 accumulation than the combination treatment (6.49 vs. 2.41% and 7.25 vs. 5.20% in 786-O and CAKI-1, respectively). Rapamycin-dependent effects appeared to be more dominant in the 786-O cells following combination treatment. These results were confirmed by a long-term growth assay demonstrating minimal enhancement in the combination compared to perifosine alone (see Online Resource 1).
Gene expression analysis of single-agent perifosine and combination with rapamycin
A genome-wide expression profile was performed on the 786-O (vHL mutant) cell line following treatment with perifosine and/or rapamycin. As RCC is a heavily vascularized disease, its development and subsequent metastasis requires an array of pro-survival and pro-angiogenic factors that may also contribute to drug resistance. While the combination treatment did not enhance the cytotoxicity or anti-proliferative activity of the single agents in vitro, significant changes in the transcriptional program for RCC may still occur. Gene expression analysis was performed on two independent treatment replicates using the Affymetrix HG-U133 Plus 2.0 array, a GeneChip-based microarray that allows for the analysis of more than 47,000 transcripts. Filtering for selected genes was done as described in the methods, with a fold change of 1.75 or were identified with lower expression. A total of 305 genes were found to be differentially expressed by twofold or more in the combination treatment with 194 genes being highly expressed, and 111 genes having reduced expression. As shown by the heat map in Fig. 5a , the combination treatment generally showed more differential expression than either single-agent treatment alone, suggesting an increase in transcriptional regulation following treatment with both agents. Of the genes exhibiting twofold or greater changes in expression, only 53 (27.3%) of the 194 genes with higher expression in the combination also had higher expression following perifosine and/or rapamycin singleagent treatment. Of the 111 genes with lower expression (C2-fold change) in the combination, only 20 (18%) also had lower expression in either or both of the single-agent treatments. A divergent expression pattern was observed in a small subset of genes in the combination compared to the single-agent treatments, where changes in the combination, relative to the untreated control, were apparently minimized. For single-agent perifosine, 5 (29.4%) of the most highly expressed genes (C2-fold change) and 19 (65.5%) of the lower expressed genes (C2-fold change) showed a reduction in the fold change in the combination. For rapamycin 26 (36%) of the highly expressed genes (C2-fold change) and 7 (31.8%) of the lower expressed genes (C2-fold change) showed a reduction in the fold change in the combination.
qRT-PCR validation of selected genes
Among the genes that showed the greatest differential changes in expression were the transcription factor Kruppel-like factor 2 (KLF2) and the pro-angiogenic cytokine IL-8. KLF2 has been shown to be involved in fluid shear stress, smooth muscle migration, and the regulation of endothelial cells, including negatively regulating inflammation and angiogenesis [18, [26] [27] [28] . KLF2 can repress both vascular endothelial growth factor (VEGF-A)-mediated angiogenesis, through down-regulation of VEGF receptor 2 (VEGFR2), as well as HIF1a expression and function [18, 27] . Following treatment by single-agent perifosine and the combination with rapamycin, KLF2 was markedly induced by 4.53-and 4.93-fold, respectively. IL-8 has previously been shown to be elevated in malignant renal cells compared to normal cells and may mediate resistance to the multi-kinase inhibitor sunitinib in advanced RCC [29] [30] [31] . Single-agent perifosine inhibited IL-8 expression by 2.3-fold, whereas the combination treatment down-regulated IL-8 by 2.7-fold. Single-agent rapamycin had no substantial effect on either KLF2 or IL-8 expression. We assessed the expression of both KLF2 and IL-8 by qRT-PCR to confirm the microarray data (Fig. 5a-c) . At 24h post-treatment, an increase was observed in KLF2 expression of 6.5-and 6.9-fold in the perifosine alone and the combination arm, respectively, versus untreated controls. IL-8 showed a decrease in expression at 24h post-treatment of 2.6-and fivefold in the perifosine alone and the combination treatments. In each case, this differential expression was larger in the combination and was maintained through 72h after treatment. To test whether these effects were specific to 786-O, KLF2 and IL-8 expression was examined in the CAKI-1 cell line. As shown in Fig. 5e , KLF2 was induced beginning at 6h post-treatment with expression increasing to approximately 7.6-fold in the perifosine alone arm and 11.9-fold in the combination treatment after 24h of treatment. IL-8 expression showed no observable difference between any of the CAKI-1 treatment arms (data not shown). In the 786-O cells, we also analyzed the expression of the pro-angiogenic growth factor VEGF-A, which was observed on the microarray to be increased by 1.8-fold in the perifosine and combination treatments. Similar to those results, VEGF-A was induced beginning at 24h in both the perifosine and combination arms, by 2.3-and 1.52-fold, respectively (Fig. 5d) . We also noted a subsequent increase at 72 h post-treatment in the levels of VEGF-A secreted into the media in the perifosine arm with only a small change in expression in the combination arm (Fig. 5f ).
Gene ontology categories enriched following combination treatment
Gene Ontology (GO) analysis was performed to broadly identify biological processes that were altered following treatment by the combination of perifosine and rapamycin. GO categories that were enriched in the combination by five or more genes with differential expression of 2.00-fold or greater are shown in Online Resource 2. As indicated, most of the gene categories affected by the combination are not as well represented following single-agent treatment suggesting that there is an enhancement of drug activity when the agents are combined. Overall, the categories enriched by treatment include transcription, transport, metabolic processes (including proteolysis), cell cycling, apoptosis, and response to stress. Genes that were included in the analysis are listed by process in Online Resource 3. Gene Set Enrichment Analysis (GSEA) was also used to analyze the data set obtained from the treatment combination. Briefly, GSEA compares entire gene sets to each other in order to observe coordinated gene expression changes in different pathways where the effect on individual genes may be too low for our selection criteria. As shown in Online Resource 4, the combination induced changes in RCC-relevant gene sets including multiple gene sets relating to hypoxia/HIF1a status in endothelial cells, serum response in fibroblasts, and rapamycin or amino acid deprivation. Additional gene sets relating to vHL null and vHL wt status were both up-regulated following combination treatment suggesting a largely vHL-independent phenotype.
Discussion
The therapeutic landscape of advanced RCC is in rapid evolution. New systemic agents-particularly those targeting tumor angiogenesis and mTOR-have resulted in substantial improvements in response, progression-free survival, and in some cases, overall survival outcomes. In the United States, not less than six new agents have been approved by the Food and Drug Administration in the last 6 years for the treatment of advanced RCC. These include tyrosine kinase inhibitors (sunitinib, sorafenib, and pazopanib), VEGF-antibody-based therapy (bevacizumab in combination with interferon), and mTOR inhibitors (temsirolimus and everolimus). Unfortunately, none of these newer biologic therapies induce durable complete responses (a phenomenon which had been observed on occasion in patients treated with high-dose interleukin-2), nor have they cured a single patient with advanced RCC. Disease progression remains universal. Among the strategies proposed to overcome, these limitations has been combination therapy. We pursued RCC preclinical modeling experiments that tested the concept of combined inhibition of the mTOR and Akt pathways, with the goal of achieving synergy and potentially overcoming Akt-mediated resistance to mTOR inhibition. In this study, we specifically examined the role of perifosine, an orally bioavailable alkylphospholipid in the context of mTOR inhibition. While the precise mechanisms of action for perifosine are unknown, its known activities include inhibition of AKT activation through its interactions with lipid rafts in the plasma membrane [32, 33] . We found that although the addition of perifosine to rapamycin therapy did indeed result in the abrogation of rapamycin-induced Akt phosphorylation, there was no supra-additive or synergistic effect on growth inhibition or cytoxicity in in vitro conditions. However, by microarray analysis of the vHL-mutant (786-O) cell line, we observed an enrichment of genes having a 2-fold or greater change in expression in the combination versus single-agent treatment. Therefore, at least in terms of changes at the transcriptional level, the combination does produce some additive and supra-additive effects. And, while this does not appear to result in synergistic growth inhibition or cytotoxicity in cell line models, testing in an in vivo system may demonstrate treatment-induced activity on angiogenic and paracrine signaling.
As shown by the microarray analysis and confirmed by real-time PCR, perifosine as a single agent and in combination mediates the induction of KLF2, a repressor of HIF1alpha and a regulator of vascular endothelial quiescence. Additionally, we observed a concomitant reduction in the expression of the pro-angiogenic cytokine IL-8. This was coincident with a reduction in the protein level of HIF2alpha. However, we did identify an induction in both mRNA and secreted VEGF-A expression levels by 72 h post-treatment. While this effect was mitigated in the combination treatment arm, it suggests that perifosine may stimulate VEGF through a HIF-independent mechanism. Although VEGF has classically been described as being regulated by PI3K/AKT and HIF, Arany et al. have demonstrated that VEGF may be induced through coactivation of estrogen-related receptor alpha (ESRRA) and peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PPARGC1A) following ischemia [34] . While it is unclear specifically what mechanism perifosine stimulates VEGF, alkylphospholipids have been shown to disrupt cellular homeostasis resulting in a wide-range of biologic effects. Among these effects include alterations in cholesterol transport and metabolism that lead to an accumulation of cholesterol in the cell which can disrupt multiple signaling pathways [32] . In the current analysis conducted on an in vitro monolayer, we are precluded from observing any effects related to vascular development and regulation that may result from the combination treatment. Given the often complex roles, both of these genes play with respect to the production of secreted ligands and growth factors and the consequences of such on angiogenesis and the tumor micro-environment further study with combined mTOR and AKT inhibition may be warranted.
In conclusion, the combination of the Akt inhibitor perifosine with the mTOR inhibitor rapamycin did meet the expected molecular consequences of pAKT abrogation but did not appear to result in enhanced cytotoxicity. However, significant effects were observed in gene expression, which may impact on production of angiogenic factors relevant for RCC growth, metastasis, and chemo-resistance. These results, relevant in the context of many active agents in the RCC therapeutic arena, emphasize the importance of performing preclinical mechanistic studies prior to the design, prioritization, and conduct of clinical trials that explore combination strategies.
